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1 Introduction

For PUCCH, code division multiplexing (CDM) has been chosen for multiplexing of different UEs in the same cell. The UEs transmit Zadoff-Chu sequences with different cyclic shifts. The cyclic-shifted versions of the same base Zadoff-Chu sequence are orthogonal to each other, but they are not perfectly orthogonal at the receiver side because of the delay spread and the limited transmission bandwidth. 
The intra-cell interference due to the imperfect orthogonality is amplified by the uplink power control and synchronization errors. Another source of intra-cell interference comes from the imperfect orthogonality of time-domain covers in high Doppler. In this contribution, we focus on the interference due to high delay spread and investigate its impacts on the ACK/NAK performance in the presence of power control and synchronization errors.

2 Intra-cell interference in ACK/NAK transmission
Figure 1 shows two candidate reference signal structures for ACK/NAK transmission. The main features of the two structures are described below:
· Structure A

· The intra-cell interference due to high delay spread can be fully randomized by the symbol-level UE-specific cyclic shift hopping.
· 18 UEs cannot be accommodated at extremely high UE speed [1].
· Suitable for cell environments, where the channel delay spread is large and the UE speed is not extremely high.

· Structure B

· The intra-cell interference between UEs using different orthogonal covers can be cancelled at low UE speed as long as the symbol-level cyclic shift hopping is not UE-specific within the slot. 

· The intra-cell interference between UEs using the same orthogonal cover and similar cyclic delays can be randomized by the slot-level UE-specific cyclic shift hopping. In this case, however, the effect of randomization is expected to be relatively small compared to the symbol-level cyclic shift hopping.

· 18 UEs can be accommodated at extremely high speed  [1,2].
· Suitable for cell environments, where the UE speed could be extremely high. 
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Figure 1. Reference signal structure for PUCCH

3 Intra-cell interference for CQI transmission
The interference due to high delay spread also occurs in the case of CQI transmission. Unlike ACK/NAK transmission, the interference due to a large delay is the only intra-cell interference because different UEs are not time-multiplexed by orthogonal covering. For the same reason, the interference cannot be cancelled by time-domain orthogonal covering. Thus, the UE-specific cyclic shift hopping is the only way to randomize the interference due to high delay spread. The symbol-level hopping can result in more randomness than the slot-level hopping. 
4 Simulation Results
The effect of interference caused by high delay spread is investigated in terms of QPSK ACK/NAK performances. The detailed simulation parameters are listed in Table 1. In the simulation, six UEs simultaneously transmit the ACK/NAK signals, and the ACK/NAK performance of UE #2 is evaluated while changing the received power and synchronization errors for UE #1 that is located right before UE #2 in the time domain. In Fig. 2, we can see that the performances are almost the same regardless of cyclic shift hopping. In Figs. 3 and 4, the performance is severely degraded as the power and synchronization error increases.  In the simulation, the difference in cyclic shift  between UE #1 and UE#2 is two, meaning that they are separated by 11.11 usec apart in the time domain. Nevertheless, the interference between the two UEs cannot be neglected. It is because the PUCCH signal is transmitted over 12 subcarriers. From the simulation results, we can see that the performance is improved with UE-specific cyclic shift hopping. As expected, the symbol-level cyclic shift hopping performs much better than the slot-level hopping.  

Table I Link-level simulation parameters
	Parameter
	Configuration

	Carrier frequency/ System bandwidth
	2.0 GHz / 10 MHz

	Channel model
	TU-6,  no spatial correlation

	Antenna configuration
	1 Tx, 2 Rx

	Velocity
	3 km/hr for all UEs

	Number of UEs
	6 UEs (with same time covering code)

	UE configuration
	UE #1: interfering UE, larger Rx power, large sync. error
UE #2 : UE evaluated
UE #3-6 : interfering UEs having same power as UE #2 and no sync. error

	Number of bits per UE
	2 bits (QPSK)

	Resource allocation
	12 sub-carriers per slot, 2 slots (bottom and top bands)

	Number of RS symbol
	3 (third, fourth, and fifth symbols in a slot)

	Minimum separation of cyclic shift values
	Reference Sig.    : 2 (corresponding to 11.11 usec)

AckNack info. : 2 (corresponding to 11.11 usec)
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Figure 2. ACK/NAK performance (0 dB power difference, 0 usec sync. error)
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Figure 3. ACK/NAK performance (5 dB power difference, 0.5 usec sync. error)
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Figure 4. ACK/NAK performance (10 dB power difference, 0.5 usec sync. error)

5 Conclusion
The ACK/NACK performances have been studied in the presence of uplink power control and synchronization error. Simulation results show that the interference between UEs with similar cyclic shifts cannot be neglected and it can be mitigated by UE-specific cyclic shift hopping. Depending on the basic ACK/NAK transmission structure, symbol-level or slot-level cyclic shift hopping can be applied. For the CQI transmission, the symbol-level UE-specific cyclic shift hopping would be beneficial in randomizing the intra-cell interference due to delay spread. 
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Appendix A.  HoppingCode

<Symbol-level hopping case>
	
	Slot #1
	Slot #2

	
	Sym

#1
	Sym

#2
	Sym

#3
	Sym

#4
	Sym

#5
	Sym

#6
	Sym

#7
	Sym

#1
	Sym

#2
	Sym

#3
	Sym

#4
	Sym

#5
	Sym

#6
	Sym

#7

	UE #1
	1
	1
	1
	1
	1
	1
	1
	2
	2
	2
	2
	2
	2
	2

	UE #2
	2
	3
	5
	4
	6
	4
	6
	4
	6
	1
	3
	5
	3
	5

	UE #3
	3
	6
	2
	6
	2
	2
	5
	5
	1
	4
	5
	1
	1
	6

	UE #4
	4
	4
	6
	5
	4
	5
	4
	3
	5
	3
	6
	3
	6
	3

	UE #5
	5
	2
	3
	3
	3
	6
	3
	1
	4
	6
	4
	4
	5
	4

	UE #6
	6
	5
	4
	2
	5
	3
	2
	6
	3
	5
	1
	6
	4
	1


<Slot-level hopping case>
	
	Slot #1
	Slot #2

	
	Sym

#1
	Sym

#2
	Sym

#3
	Sym

#4
	Sym

#5
	Sym

#6
	Sym

#7
	Sym

#1
	Sym

#2
	Sym

#3
	Sym

#4
	Sym

#5
	Sym

#6
	Sym

#7

	UE #1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	UE #2
	2
	2
	2
	2
	2
	2
	2
	3
	3
	3
	3
	3
	3
	3

	UE #3
	3
	3
	3
	3
	3
	3
	3
	6
	6
	6
	6
	6
	6
	6

	UE #4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	UE #5
	5
	5
	5
	5
	5
	5
	5
	2
	2
	2
	2
	2
	2
	2

	UE #6
	6
	6
	6
	6
	6
	6
	6
	5
	5
	5
	5
	5
	5
	5


<No UE-specific hopping case>
	
	Slot #1
	Slot #2

	
	Sym

#1
	Sym

#2
	Sym

#3
	Sym

#4
	Sym

#5
	Sym

#6
	Sym

#7
	Sym

#1
	Sym

#2
	Sym

#3
	Sym

#4
	Sym

#5
	Sym

#6
	Sym

#7

	UE #1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	UE #2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2

	UE #3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	UE #4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	UE #5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	UE #6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
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